ABSTRACT Between 2006 and 2008, 20 populations of Planococcus ficus (Signoret), from Coachella and San Joaquin Valleys of California were measured in the laboratory for susceptibility to buprofezin, chlorpyrifos, dimethoate, methomyl, and imidacloprid. Toxicity was assessed using a petri dish bioassay technique for contact insecticides and by a systemic uptake technique for imidacloprid. Mixed life stages were tested for susceptibility to all insecticides except for buprofezin, which was measured against early and late instars (Þrst, second, and third). DoseÐresponse regression lines from the mortality data established LC 50 and LC 99 values by both techniques. Responses of populations from the two geographical locations to all Þve insecticides varied, in some cases signiÞcantly. Variations in susceptibility to each insecticide among sample sites showed a sevenfold difference for buprofezin, 11-fold to chlorpyrifos, ninefold to dimethoate, 24-fold to methomyl, and 8.5-fold to imidacloprid. In spite of susceptibility differences between populations, baseline toxicity data revealed that all Þve insecticides were quite effective based on low LC 50 s. Chlorpyrifos was the most toxic compound to Planococcus ficus populations as shown by lowest LC 50 s. Buprofezin was toxic to all immature stages but was more potent to Þrst instars. The highest LC 99 estimated by probit analysis of the bioassay data of all 20 populations for each compound was selected as a candidate discriminating dose for use in future resistance monitoring efforts. Establishment of baseline data and development of resistance monitoring tools such as bioassay methods and discriminating doses are essential elements of a sustainable management program for Planococcus ficus.
One of the critical threats facing grape production in California is Planococcus ficus (Signoret), a vineyard pest Þrst identiÞed in the Coachella valley in 1994 (Gill 1994 , Godfrey et al. 2003 . No additional P. ficus infestations were known in California until 1998 when they were discovered in Kern and Fresno counties in the San Joaquin Valley (Daane et al. 2006) . As grower awareness increased statewide and additional discoveries were made, the area infested expanded to 17 counties in total by 2005 (Daane et al. 2006, Godfrey and Watson 2009 ) with three additional counties added in 2010 (Godfrey et al. 2011) . P. ficus causes heavy damage resulting in reduced yields by depleting essential nutrients from grapevines, infesting grape branches and fouling fruit and foliage through honeydew excretion and sooty mold growth (Flaherty et al. 1992 ). In addition, P. ficus vectors viral diseases of grapevines (Engelbrecht and Kasdorf 1990, Golino et al. 1999) . Damage by P. ficus impacts not only the $2.2 billion production of wine-grapes in California, but also severely impacts table and raisin grape production.
In comparison to other mealybug species, P. ficus displays a number of characteristics that contribute to its higher pest potential and make it a greater threat to California viticulture. Their cryptic nature of infesting plant roots and feeding beneath bark on aerial portions of grapevines make them difÞcult to detect, even when moderate to large infestations are present, protecting them from insecticidal or biological control (Hattingh 1993, Daane and . Populations of P. ficus build to higher densities by completing as many as 5Ð7 generations per year in the San Joaquin Valley, more than twice that of the grape mealybug, Pseudococcus maritimus (Ehrhorn) (Malakar-Kuenen et al. 2001 , Daane et al. 2006 . They often stay hidden through much of the growing season, but then move onto grape clusters late season as the fruit begins to mature (Daane et al. 2006 ). Although the current geographic range of P. ficus from the southern desert to the northern coastal counties of Napa and Sonoma suggests that eradication and containment of P. ficus is impractical, it is essential that the best possible management program be implemented that will suppress populations and help prevent further expansion.
Current practices to manage P. ficus include cultural, biological, and chemical strategies. Much research has been undertaken to develop and implement nonchemical tactics such as biological control and mating disruption for use in Integrated Pest Management schemes (Millar et al. 2002; Daane et al. 2004a,b; 2005) . However, insecticides are a key part of P. ficus control, remain the mainstay of control programs in California, and are most commonly applied against all stages through residual sprays and systemic treatments when applicable. Currently, a fairly broad selection of insecticides that represent different classes of chemistries including organophosphates, carbamates, neonicotinoids, insect growth regulators, and keto-enols are available and being used against grape pests including P. ficus. Although the availability of multiple classes of insecticides provides a diversity of active ingredients and potential beneÞt from a resistance management perspective, their effectiveness can be reduced if insecticide resistance develops.
In general, insect populations including P. ficus, have the innate ability to develop resistance. Various metabolic resistance mechanisms work generally by detoxifying insecticides, many times across insecticide classes through hydrolytic or oxidative reactions to reduce or eliminate their toxic activity. This is a dynamic process in insect populations where resistance levels rise and fall according to exposure regimes and selection pressures (Castle et al. 1996 , Horowitz et al. 2002 . To delay the inevitable occurrence of resistance and the attendant environmental costs, insect resistance management plans should be developed and implemented for insecticide use. Avoidance of resistance requires limited but effective use of insecticides to receive the maximum performance from an application. It also requires knowledge of the target populations in terms of their susceptibility levels to various insecticides and how much they vary among locations as a clue to the genetic potential for resistance development.
An important component of resistance management strategies is the ability to effectively monitor susceptibility levels in pest populations to insecticides (Roush and Miller 1986) . By determining response proÞles of a target species to particular insecticides, any signiÞcant departure from usual responses may signal a problem with susceptibility and require further investigation. Toxicological bioassays conducted in the laboratory on Þeld collections of P. ficus populations provide quick and economical ways of detecting reduced susceptibilities that may signal insecticide resistance. Data from laboratory bioassays can provide current insight into the responses of P. ficus populations and help keep growers informed of resistance trends.
The purpose of the present investigation was to assess the susceptibility of P. ficus populations to Þve commonly used insecticides on grapes for establishing a baseline database by monitoring temporal and spatial susceptibility shifts that may lead to resistance. To date, there have been no comparable studies to document the geographical variation of natural populations of P. ficus susceptibility to insecticides. The second goal of this study was to determine a diagnostic dose for each test insecticide from the generated baseline data for facilitating future resistance monitoring of the P. ficus. Selection of discriminating doses can be determined from established baseline susceptibility data, which can be used more conveniently in extensive efforts to detect and monitor resistance (Sanderson and Roush 1992, Denholm et al. 1996) . IdentiÞcation of resistant strains by use of a discriminating dose also will be helpful in assessing cross-resistance to other related insecticides. These results will help focus and reÞne resistance monitoring efforts for P. ficus management.
Materials and Methods
Insects. Between 2006 and 2008, 20 collections of P. ficus were made from grapevines including leaves and fragments of bark in vineyards of Coachella and San Joaquin Valleys. These included 10 collections from each region. Each collection was transported to the greenhouse in plastic bags for establishment on young grapevines in the greenhouse before testing for baseline toxicity studies. All stages including eggs, immatures, and adults were collected for establishment of P. ficus colonies to be used for bioassay testing. Initial establishments were made on both grapevines as well as on acorn squash, Cucurbita pepo L., to increase insect numbers. Acorn squash was obtained from grocery stores, cleaned, and placed in plastic shoeboxes (38 by 25 by 45 cm) for mealybug colonization. Insects were reared at 28ЊC, 30 Ð 40% RH, and a photoperiod of 12:12 (L:D) h. To establish baseline data to various insecticides selected in this study, different stages of P. ficus were treated according to the mode of action of each insecticide. For example, mixed ages including immatures and adults of the P. ficus were tested for susceptibility to chlorpyrifos, dimethoate, methomyl, and imidacloprid. Only immature stages were tested with buprofezin because of its activity as a chitin synthesis inhibitor that interferes with development of immature stages of susceptible insects.
Insecticides. Formulated grade insecticides used in this study were as follows: Chlorpyrifos (Lorsban 4E) (DowElanco, Indianapolis, IN), Dimethoate (400 (BASF, Research Triangle Park, NC), methomyl (Lannate LV) (DuPont de Nemours and Co, Wilmington, DE), imidacloprid (Admire 2 F) (Bayer, KS City, MO), and buprofezin (Applaud) (Nichino America, Wilmington, DE). Preliminary testing was conducted with each compound to determine the appropriate concentration ranges for baseline toxicity studies. Serial dilutions of 5Ð 6 concentrations of each insecticide were made on the same day of testing. Units for each compound are presented as g([AI])/ ml.
Bioassay Techniques. Petri-dish Bioassay. Susceptibility to contact insecticides (buprofezin, chlorpyrifos, dimethoate, and methomyl) that are applied foliarly was assessed using an established petri dish technique with some modiÞcations (Prabhaker et al. 2006a,b) . Agar beds (1.5%) were prepared at the base of each 60-mm petri dish for maintenance of grape leaf discs for up to 7 d. In toxicity assays, each leaf disc (60 mm in diameter) was immersed in 5Ð 6 serial dilutions August 2012 PRABHAKER ET AL.: SUSCEPTIBILITY OF P. ficus TO INSECTICIDESof each insecticide for 60 s and in distilled water for control discs. Preliminary dosages were determined for each insecticide to establish mortality ranging from 5 to 95% mortality. Treated leaf discs were allowed to dry for an hour under the fume hood after which they were placed in petri dishes on top of the agar beds. Approximately 25 mealybugs (mixed stages) were placed on each treated leaf disc for exposure for at least 48 h. For the purposes of this study, mixed stages were tested because infested grapevines usually contain all life stages of P. ficus including adults, eggs, and the three immature life stages. All stages are exposed to contact or systemic insecticides similarly. By testing all stages, the responses can be used to measure the sum of all of the toxic effects of a pesticide on P. ficus as they are found naturally on grapevines. Therefore, inclusion of multiple stages does reßect a natural situation that also takes into consideration the overlapping generations present. Careful attempts were made to include equal numbers of each stage in a single petri dish to mimic natural situation where multiple stages are found on an infested grapevine. A Þne-pointed artisan paint brush was used to place each mealybug on the leaf discs. For each concentration of insecticide or water control, Þve replicates containing 25Ð30 mealybugs were tested (Ϸ750 Ð 800 mealybugs per test). Insects were maintained at 27 Ϯ 2ЊC and a photoperiod of 12:12 L:D h while in petri dishes. Tests were repeated two times for each compound. Mortality was assessed at 48 h from initial exposure. After 48 h the numbers of live or dead mealybugs were counted under the microscope. Control mortality never exceeded 8%. Systemic Bioassay Technique. To determine baseline toxicity data of imidacloprid, a systemic uptake technique was used as described in Prabhaker et al. (2006a) . Petioles of detached grape leaves preinfested with various stages of P. ficus were placed in aquapiks containing serial dilutions of imidacloprid. Uptake of each concentration solution was allowed through petioles for 48 h to ensure distribution into the leaf through the stem. Control leaves infested with mealybugs were allowed uptake of water alone. All stages of P. ficus (25Ð30) were present on each treated leaf. Treated leaves were maintained in the laboratory at 28ЊC, 30 Ð 40% RH, and a photoperiod of 12:12 (L:D) h. Mortality was checked after 48 h.
Selection of Discriminating Doses. Discriminating doses are expected to kill Ϸ100% of a susceptible population but Ͻ0.1% of resistant individuals (ffrench-Constant and Roush 1990). Discriminating doses that would identify resistance in Þeld populations was assessed by selecting the highest LC 99 (g[[AI]]/ml) value of each compound determined by probit analysis of the 20 populations of P. ficus from both Coachella and San Joaquin Valleys.
Statistical Analysis. Results of the dose-mortality experiments for each insecticide were analyzed by probit analysis by using the POLO program (Russell et al. 1977 , LeOra 1987 . Differences in LC 50 s to a particular insecticide were considered statistically significant if there was no overlap of 95% FL. From the complete doseÐresponse data, the highest concentration that produced 99Ͼ percent mortality (LC 99 ) in a population among the 20 was identiÞed for each insecticide to be used as a candidate discriminating dose in future monitoring studies. (Table 1 ). In general, the LC 50 s for buprofezin were lower in the Coachella valley populations (ranged from 14.70 to 47.58 g(AI)/ml compared with populations from San Joaquin Valley that ranged from 18.01 to 108 g(AI)/ml. Five of the ten populations of Coachella valley were signiÞcantly different (based on nonoverlap of Þducial limits) than the remaining Þve populations which showed higher LC 50 s from 30.44 to 47.58 g(AI)/ml. Similarly, Þve Slope values were not very steep for all 20 populations compared with buprofezin ranging from 1.0 to 1.9 (Table 2 ). These results with low slope values may indicate that the genetic variation toward chlorpyrifos tolerance has not reached a state of homogeneity in these populations at present.
Results

Results of dose-mortality responses of twenty populations from California vineyards to the Þve insecti-
Dimethoate. The concentration-mortality response shown by the nymphs and adults of P. ficus to dimethoate are reported in Table 3 . There was approximately ninefold variation in dimethoate susceptibility data among 20 Þeld-collected populations with significant differences between some populations. The LC 50 values ranged between a low 8.33 and a high value of 76.45 g(AI)/ml. Variation in susceptibility to dimethoate was observed between Þve of the 10 San Joaquin Valley populations. The differences in LC 50 s were signiÞcant however, the magnitude of the difference was relatively small (Ͻthreefold). In general, populations from Coachella were slightly more susceptible to dimethoate based on lower LC 50 s compared with higher values for San Joaquin region.
Lower slope values for dimethoate were observed similar to those of chlorpyrifos in Coachella Valley populations. In contrast, a wider range of slope values were observed for San Joaquin Valley populations ranging from a low 1.5 to a high 4.3 (Table 3) . These results suggest a higher level of heterogeneity in San Joaquin Valley insects.
Methomyl. Table 4 summarizes the effect of methomyl on mortality of mixed stages of the twenty P. ficus populations from the two regions. In general, our tests indicate that the Þeld populations were susceptible to methomyl based on low LC 50 values. The ratio of variation between Þeld populations of the two regions was Ϸ24-fold, higher than the other registered compounds. However, the variation was smaller within the coefÞcient of variation populations at six-fold. Four populations (#1, 2, 7, and 8) were signiÞcantly less susceptible as indicated by higher LC 50 values compared with insects from locations #3, 4, 5, six and nine (Table 4 ). Mortality was slightly higher when populations from San Joaquin valley were treated as indicated by the lower LC 50 values ranging from 1.56 to 26.71 g(AI)/ml. In spite of the lower LC 50 values recorded for SJV populations, a wider variation of 17-fold was observed between them. The wider variation may be related to the sensitivity and toxicity of insects from location #2 in 2007. This particular population was the most susceptible to methomyl as seen by the lowest LC 50 of 1.56 g(AI)/ml. The remaining populations from San Joaquin valley were not signiÞcantly different in their toxicity to methomyl (Table 4) .
Imidacloprid. Toxicity values of imidacloprid tested against the twenty populations of P. ficus are shown in Table 5 . From an examination of the results of the tests with imidacloprid (Table 5 ) it becomes obvious that there is considerable intraspeciÞc variation in P. ficus susceptibility. The susceptibility of P. ficus populations within Coachella Valley varied by sevenfold. Similar variation of approximately sevenfold also was observed within San Joaquin Valley populations. For both regions differences in toxicity ranged from 13.38 to 118 g(AI)/ml showing a variation ratio of about ninefold among the 20 populations. SigniÞcant differences were observed between a few populations based on nonoverlapping of 95% CL. For example, among the San Joaquin populations, insects from locations no. 7, 8, and 9 were signiÞcantly more susceptible than insects from the remaining locations. In addition, insects from location no. 2 were the least susceptible (93.36 g[AI]/ml compared with all populations. Among the test populations, insects from location no. 2 of Coachella collections were the least susceptible as shown by the highest LC 50 (118 g [AI]/ml). In general, the LC 50 values were higher for imidacloprid in some populations (93 and 118 g [AI]/ml) compared with the other four registered compounds. In spite of the higher LC 50 values, our results have shown that imidacloprid was active against the Þeld populations of P. ficus from California suggesting the absence of resistance to imidacloprid. Response slopes exhibited a wide range from 1.0 to 3.8 indicating that the P. ficus populations from both regions were quite heterogenous.
Discriminating Doses. Candidate discriminating doses, which kill 99% of a natural population of P. ficus for buprofezin, chlorpyrifos, dimethoate, methomyl, and imidacloprid, are proposed in this study (Table 6 ). For the current study, it was possible to select discriminating doses for each compound because all Þve registered insecticides showed high efÞcacy against the P. ficus as indicated by low LC 50 values in general (Tables 1Ð5). Only insects with high levels of resistance would be able to survive a dose that causes 99% mortality. Proposed discriminating doses were identiÞed based on the LC 99 values obtained through probit analysis of responses of all 20 populations by using the POLO program (Russell et al. 1977) . The highest LC 99 value from the 20 populations for each com- 
Discussion
Insecticides play a critical role in the management of P. ficus. However, resistance evolution in pests to all classes of agricultural chemicals has been a signiÞcant and increasing problem to the effective management of pest populations (Georghiou 1986 ). The need for identifying resistance in Þeld populations of P. ficus through monitoring is critical to the preservation of available chemical tools. Through the accumulation of bioassay data on populations collected from two geographical regions in California, an initial proÞle of P. ficus responses to various insecticides is now available that also will serve as a reference database for future resistance monitoring efforts.
No signiÞcant variation in susceptibility because of seasonal changes was observed for the Þve compounds tested as indicated by the LC 50 values of the various populations sampled during the 2 yr. The 2006 collections were limited to Coachella Valley region where insects exhibited small variation in susceptibility to the Þve insecticides spanning one-to twofold range. The 2007 collections exhibited both higher LC 50 values and variability to some compounds. For example, the LC 50 s for chlorpyrifos and methomyl in the Coachella Valley collections varied at Þve-and sixfold, respectively, whereas the LC 50 s of San Joaquin valley insects for the same two compounds varied around six-and 16-fold range. Variation in susceptibility to imidacloprid among the 2007 San Joaquin Valley collections was about sixfold at the LC 50 level. However, no signiÞcant geographic variation in susceptibility to the Þve compounds was observed among regions within California in 2008. The absence of any distinctive temporal trend in the baseline data suggest that no major resistance problems have developed so far in either valley. Furthermore, LC 50 s obtained from the bioassays are all well below Þeld rates as dictated by each insecticideÕs label (Table 6 ). Although this comparison does not necessarily point to a lack of resistance or to Þeld efÞcacy, it nevertheless suggests that well-targeted applications in the Þeld will potentially be highly toxic to exposed P. ficus.
Although variation in susceptibility was limited among Coachella Valley collections, the greater variability in responses observed among the San Joaquin Valley collections for some compounds between populations illustrates the importance of establishing regional baselines to monitor accurately for changes in susceptibility. Modest variation in LC 50 values generally occurred in the six-to 10-fold range in the case of buprofezin, chlorpyrifos, dimethoate, and imidacloprid. Methomyl proved to be an exception as a 24-fold range in LC 50 s was recorded over the course of this study. This difference may be related to local variation in patterns of insecticide use where perhaps methomyl was applied more frequently in the vineyard that yielded the highest LC 50 . If so, this would suggest that some level of selection for resistant genotypes had occurred that was then reßected in the elevated LC 50 . This is a good example of a population that would bear closer scrutiny with follow-up samples taken periodically to monitor for any progression to higher LC 50 s. Relatively low variation in susceptibility to insecticides among P. ficus populations does not indicate that the populations lack the genetic variability to respond to selection pressure from insecticide treatments over time. Even when populations exhibit similar LC 50 values, genetic variations in susceptibility within populations cannot be ruled out. In addition, the generally low variation observed among P. ficus populations may be related to biological factors such as mobility of the pest that may inßuence resistance dynamics. Georghiou and Taylor (1986) suggested that a number of factors inßuence resistance development in pest populations including biological, ecological, genetic, and operational. Only males of P. ficus are ßiers, whereas the older immatures and females are limited in their movements unable to travel far on their own and as such are not subject to external selection pressures in neighboring treated Þelds. Regular exposure to pesticides allows selection of individuals that are naturally resistant to survive and develop resistance.
Of the Þve insecticides tested in this study, the most active material against all populations of P. ficus was chlorpyrifos, which exhibited the lowest LC 50 s of 0.5Ð 5.7 g([AI])/ml. Chlorpyrifos was at least 13-fold more toxic than dimethoate, which is also an organophosphate. It was toxic to all stages including eggs (N. P., unpublished data). Chlorpyrifos currently is available to grape growers for mealybugs and is used as a dormant spray and appears to be able to impact the numbers of mealybugs before the grape ßush. Chlorpyrifos was 19-fold more toxic to P. ficus than buprofezin. However, buprofezin was very active against the crawlers and Þrst stage immatures in spite of the higher LC 50 value recorded. The higher value observed may be related to treatment of mixed immature stages where second and third stages are less susceptible. To simulate the treatment of natural populations, which are usually a combination of Þrst, second, and third, our tests included all immature stages. Buprofezin, an insect growth regulator, was not effective against adult mealybugs as expected because it is active primarily against the immature stages of insects resulting in interruption of physiological processes involved with molting (Uchida et al. 1987 , Ishaaya et al. 1988 , Miyamoto et al. 1993 . Imidacloprid was active against all stages except the crawlers because they do not feed on treated plant tissue. Both methomyl and dimethoate were effective against all stages of P. ficus.
Slopes of the probit regression estimates were not equal for all locations for each of the Þve compounds. An indication of the level of heterogeneity of the Þeld population relates to the slope of the transformed doseÐresponse data by probit analysis (ffrench-Constant and Roush 1990) . In this study, the regression lines of most Þeld populations in Coachella Valley varied from a low of 1.0 to 2.0 to chlorpyrifos, dimethoate, methomyl, and imidacloprid with one exception at 3.1 to imidacloprid in 2008. These results with low slope values may indicate that the genetic variation toward tolerance or resistance to each of these compounds has not reached a state of homogeneity in this population at present. It is possible, however, that increased exposure over time to each insecticide would select for more highly resistant individuals in which case the slope values may increase. Slope values were higher in some cases for San Joaquin Valley insects at Ͼ2. Steeper slope lines were observed (3Ð 4.3) for three populations for dimethoate and for one to methomyl in 2007. These differences in slope values for the two regions may possibly be related to lower insecticide use in Coachella Valley region compared with San Joaquin Valley, which includes treatments of much higher acreage of grapes. The lower slopes in majority of the populations sampled suggest a high degree of heterogeneity in these populations.
The petri dish technique was used to establish the baseline susceptibility data and has been the best developed and most thoroughly tested technique for determining toxicity data for P. ficus and other pest populations (Prabhaker et al. 2006a (Prabhaker et al. , 2007 . The petri dish bioassay requires treatment of large numbers of host plant leaves with different concentrations of each insecticide tested against a large number of insects. In contrast, discriminating dose bioassays will be easier to set up where insects will be exposed to each insecticide treated with a single dose compared with 5Ð 6 for a full doseÐresponse bioassay. In addition, the use of discriminating doses involves testing fewer insects rapidly compared with traditional dose-mortality tests (Halliday and Burnham 1990) . For future monitoring efforts, we propose that resistance in natural populations of P. ficus can be detected by the use of established diagnostic doses for each of the Þve test compounds based on the highest LC 99 values. The tentative diagnostic doses selected for each region is expected to result in at least 99% mortality of susceptible individuals. Percent mortality using the diagnostic-dose bioassay for each insecticide can be used to predict Þeld control problems with insecticides in grapes against the P. ficus populations.
The use of a diagnostic-dose bioassay may not determine the level of resistance found in Þeld populations (Roush and Miller 1986) but will be useful to separate the susceptible and resistant individuals and also detect potential control problems in grape vineyards. Also, presently, no information is available on the degree of sensitivity of diagnostic doses compared with doseÐresponse mortality bioassays in P. ficus populations. Bioassays with doseÐresponse mortality along with diagnostic dose assays to separate resistant from susceptible insects will be validated in future monitoring efforts to obtain basic information that is necessary on the dynamics of resistance development in each region. Variations in susceptibility of Þeld collections to the Þve insecticides using the selected diagnostic doses will enable comparisons with the baseline variation established here to provide early warning of potential resistance. Screening P. ficus populations with the diagnostic dose bioassays may be better suited for long-term monitoring for relevant increases in resistance frequency as part of a proactive resistant management program.
